Alphaviruses are a group of significant human and animal pathogens. The nearly 30 members of this genus are transmitted by mosquitoes to higher vertebrates that serve as amplifying hosts (54). Alphaviruses cause different diseases but have similar replication strategies and life cycles. In insect vectors, they cause persistent lifelong infections and viral replication does not critically affect the viability of the hosts (51). These viruses also often establish persistent infection in cultured mosquito cells. In contrast, vertebrate hosts usually develop acute infection that often results in disease prior to virus clearance by the immune system (27, 31). The infection of susceptible vertebrate cells typically leads to rapid cytopathic effect (CPE) (54) and cell death.
Alphaviruses are a group of significant human and animal pathogens. The nearly 30 members of this genus are transmitted by mosquitoes to higher vertebrates that serve as amplifying hosts (54) . Alphaviruses cause different diseases but have similar replication strategies and life cycles. In insect vectors, they cause persistent lifelong infections and viral replication does not critically affect the viability of the hosts (51) . These viruses also often establish persistent infection in cultured mosquito cells. In contrast, vertebrate hosts usually develop acute infection that often results in disease prior to virus clearance by the immune system (27, 31) . The infection of susceptible vertebrate cells typically leads to rapid cytopathic effect (CPE) (54) and cell death.
Sindbis virus (SIN) is the prototype member of the Alphavirus genus. It can replicate productively in a wide variety of cell lines of insect and vertebrate origin and causes age-dependent encephalomyelitis in mice (28) . As do all other alphaviruses, SIN enters the cells via receptor-mediated endocytosis. pHdependent fusion of viral and endosomal membranes leads to release of nucleocapsids into the cytoplasm (12) followed by nucleocapsid disassembly and genome replication (64) .
The SIN genome is a single RNA molecule of positive polarity, 11.7 kb in length. It contains a 5Ј methylguanylate cap and a 3Ј polyadenylate tract and is translated by host-cell machinery similar to cellular mRNAs (52) . The 5Ј two-thirds of the genome encodes the nonstructural proteins (nsPs), which comprise the viral components of the RNA replicase/transcriptase required for replication of the viral genome and transcription of subgenomic RNA. The 4.1-kb subgenomic RNA corresponds to the 3Ј third of the genome and is translated into structural proteins that form virus particles. Replication of SIN is very rapid and leads to high-level accumulation of virusspecific RNAs and structural proteins. Finally, a large number of viral particles released by budding from the cell surface disseminate the infection. Viral replication profoundly affects cell metabolism, with downregulation of host cell protein synthesis playing the central role (31) . Cells lose integrity and die within 24 to 48 h postinfection (p.i.). In many cell types, death is accompanied by apoptotic changes (37) . Replication of viral RNA and/or accumulation of SIN nsPs is sufficient to cause translational shutoff and cell death. However, expression of viral structural proteins significantly accelerates the development of CPE (18) .
In recent studies, we selected SIN self-replicating RNAs (replicons) that were capable of persisting in some vertebrate cell lines for an unlimited number of passages without causing CPE (1, 16) . These noncytopathic replicons replicated less efficiently than the parent and contained point mutations in the gene encoding one of the nsPs, nsP2. One adaptive mutation, P 726 3L, was at the same position as that found in the SIN-1 variant that also exhibits reduced cytopathogenicity (11, 63) .
Subsequently another research group also detected adaptive mutations at nsP2-P 726 (45) . The nsP2-P 726 is highly conserved among alphaviruses (16) , and this remarkable convergence of mutations suggested that the noncytopathic phenotype of normally cytopathic, self-replicating SIN RNAs might be the result of a change in nsP2 function(s) rather than a simple downregulation of the RNA replication, which can be achieved by a wide variety of mutations in nsPs and cis-acting RNA elements (17, 43, 44) . nsP2 is one of four nsPs and is an essential component of the replicative complexes. It contains helicase (26) and RNA triphosphatase (60) activities, required for RNA synthesis, and is also a protease that orchestrates sequential cleavages of nonstructural polyprotein precursor P1234 (54) . In the current model, the first cis-cleavage at the junction between nsP3 and nsP4 (referred to herein as the 3/4 site) creates a replicase efficient for minus-strand RNA synthesis. Further trans-cleavage at the 1/2 and 2/3 sites alters the activity of the replicase to create a complex efficient in plus-strand genomic and subgenomic RNA synthesis (34) (35) (36) 50) . Because of the in-frame opal termination codon separating nsP3 and nsP4 (38) and the short half-life of nsP4 (7), nsP2 accumulates in infected cells in a 5-to 10-fold excess relative to nsP4, the catalytic subunit of the RNA-dependent RNA polymerase (RdRp) (53) . Moreover, in Semliki Forest virus-infected cells, a significant fraction of the nsP2 is transported to the nucleus (47, 48) . These observations suggest that nsP2 may possess an additional function(s) besides its roles in RNA replication.
We also noticed that noncytopathic replicons were able to persist in only a limited number of cell lines, such as BHK-21, CHO, and Vero cells (16) . Other cell lines-including NIH 3T3, HeLa, L929, MDBK, MDCK, and others-could not support long-term replication and died during drug selection within a few days. In the present study, we have investigated the basis of cell-specific persistence of SIN. We show that nsP2 plays a key role in modulating virus-host interactions that determine the development of CPE and dissemination of the infection.
MATERIALS AND METHODS
Cell cultures and plaque assays. BHK-21 cells (BHK-J) were kindly provided by Paul Olivo (Washington University, St. Louis, Mo.). NIH 3T3 cells were obtained from the American Type Tissue Culture Collection (Manassas, Va.). Both cell lines were maintained at 37°C in alpha minimum essential medium (␣MEM) supplemented with 10% fetal bovine serum (FBS). L929 cells used for biological assay of alpha/beta interferon (IFN-␣/␤) were provided by Samuel Baron (University of Texas Medical Branch, Galveston). The IFN-␣/␤R Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) were prepared from day-17 embryos of mice originally obtained from Michael Auget (59), as were wild-type (wt) MEFs from 129 Sv/Ev mice. Both MEFs were provided by Herbert W. Virgin (Washington University). The L929 cells and primary MEFs were propagated in Dulbecco's MEM supplemented with 10% FBS. Titers of viruses were determined by plaque assay on BHK-21 cells or NIH 3T3 monolayers as previously described (33) .
Plasmid constructs. Standard recombinant DNA techniques were used for all plasmid constructions. Maps and sequences are available from the authors upon request. A plasmid encoding the SIN replicon with a codon-optimized green fluorescent protein (GFP) gene under the control of the subgenomic promoter (SINrep/GFP) was kindly provided by Nicolas Ruggli (N. Ruggli and C. M. Rice, unpublished data). In a preliminary cloning step, the XbaI-NsiI fragment, derived from SINrep/GFP, with the NsiI site blunt-ended using T4 DNA polymerase (fragment A), was ligated with the BamHI-XhoI fragment (fragment B), which was derived from DH(26S)5ЈSIN (the BamHI site was filled in using T4 DNA polymerase), in pRS2 (a derivative of pUC19) digested with XbaI and XhoI.
Fragment A contained the complete GFP gene, and fragment B contained the SIN subgenomic promoter and a complete cDNA of SIN TE12 subgenomic RNA. TE12, a SIN variant neurovirulent for mice, has been described elsewhere (40) . This plasmid was named pGFP-SG. In order to replace the gene encoding puromycin acetyltransferase (PAC), the XbaI-XhoI fragment from pGFP-SG was cloned into pTSG/PAC, pTSG/nsP2-726G/PAC, and pTSG/44/PAC that had been digested with XbaI and XhoI. The pTSG/PAC and pTSG/nsP2-726G/PAC plasmids have been previously described elsewhere (16) and encode SIN replicons that differ in that nsP2-726 Pro (CCA) is replaced by Gly (GGA). The pTSG/44/PAC is identical to pTSG/PAC except for 44 silent mutations in the N-terminal part of the nsP1 coding region that destabilize the predicted secondary structure of the 51-nucleotide (51-nt) conserved sequence element (CSE) and downregulate SIN RNA replication (17) . The final construct pwtSIN, derived from pTSG/PAC, contained the SP6 promoter followed by nt 1 to 7647 of the SIN genome; TCTAGAGCTTGCCGCCACC sequence and 720 nt representing the complete GFP gene (from ATG to TAA); AGCGG sequence and nt 11394 to 11448 of the SIN genome, followed by SIN nt 7335 to 11703 (containing the subgenomic promoter, subgenomic RNA with TE12 structural genes, and the 3Ј untranslated region); and the poly(A) tail followed by EcoRI and XhoI restriction sites, useful for plasmid linearization prior to in vitro transcription. A schematic representation of these constructs is shown in Fig. 1 . pSIN/G contained a single change, P7263G in nsP2, and pSIN44 had clustered silent mutations in nsP1, destabilizing the secondary structure of the 51-nt CSE (the replication enhancer).
RNA transcription. Plasmids were purified by centrifugation in CsCl gradients. Prior to transcription, they were linearized with XhoI. RNAs were transcribed in the presence of cap analog using SP6 RNA polymerase. The yield and integrity of RNA transcripts were monitored by gel electrophoresis. Transcription reaction mixtures were aliquoted and stored at Ϫ80°C. For electroporation of BHK-21 cells, 4 g of in vitro-synthesized RNA was used under previously described conditions (39) . Viruses were harvested 24 h posttransfection.
Viruses recovered from pwtSIN, pSIN/G, and pSIN44 were named wtSIN, SIN/G, and SIN44, respectively.
RNA analysis. The protocol used for labeling SIN-specific RNAs with [ 3 H]uridine in the presence of dactinomycin is described in the legend to Fig. 2 . RNAs were isolated from the cells by using TRIzol reagent as recommended by the manufacturer (Gibco-BRL), denatured with glyoxal in dimethyl sulfoxide, and analyzed by agarose gel electrophoresis using the conditions described elsewhere (16) .
Analysis of protein synthesis. NIH 3T3 cells were seeded into six-well Costar dishes at a concentration of 5 ϫ 10 5 cells/well. Four hours later, the cells were infected with different viruses at a multiplicity of infection (MOI) of 20 PFU/cell in 200 l of alpha MEM supplemented with 1% FBS at room temperature for 1 h. Medium was then replaced by alpha MEM with 10% FBS, and incubation continued at 37°C. At different times p.i., the cells were washed three times with phosphate-buffered saline (PBS) and then incubated for 30 min at 37°C in 1 ml of RPMI medium lacking methionine, supplemented with 1% FBS and 20 Ci of [ 35 S]methionine. After the incubation, cells were scraped from the dish into PBS, pelleted by centrifugation, and dissolved in 200 l of standard loading buffer. One-tenth of the samples was analyzed on sodium dodecyl sulfate-10% polyacrylamide gels. After electrophoresis, gels were dried, autoradiographed, and analyzed on a Storm 860 PhosphorImager (Molecular Dynamics).
IFN-␣/␤ assay. The concentrations of IFN-␣/␤ in the media were measured by a previously described biological assay (56) . Briefly, L929 cells were seeded in 100 l of complete medium at a concentration of 5 ϫ 10 4 cells/well in 96-well plates and incubated at 37°C for 4 to 6 h. Samples of media harvested from infected NIH 3T3 cells were treated with UV light for 1 h (no infectious virus could be detected after this treatment) and were serially diluted in twofold steps directly in the wells with L929 cells. After incubation for 24 h at 37°C, an additional 100 l of medium with 2 ϫ 10 5 PFU of vesicular stomatitis virus (VSV) was added to the wells, and incubation continued for 36 to 40 h. Then, cells were stained with crystal violet, and the end point was determined as the concentration of IFN-␣/␤ required to protect 50% of the cells in monolayers from the VSV-specific CPE. The IFN-␣/␤ standard for normalization of the results was received from ATCC.
Viral growth analysis. Cells were seeded at a concentration of 5 ϫ 10 5 cells/ 35-mm-diameter dish. After 4 h of incubation at 37°C, monolayers were infected with virus at the MOIs indicated (see figure legends) for 1 h at 37°C, washed three times with PBS, and overlaid with 1 ml of complete medium. At indicated times p.i., media were replaced by fresh media, and virus titers in the harvested samples were determined by plaque assay on BHK-21 (BHK-J) cells (33) . The concentration of IFN in the samples was below a level that could possibly interfere with viral replication and plaque formation.
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GeneChip expression analysis. NIH 3T3 cells were seeded at a concentration of 5 ϫ 10 6 cells per 150-mm-diameter dish. After 4 h of incubation at 37°C, cells were infected with wtSIN and SIN/G viruses at an MOI of 20 PFU/cell in 3 ml of MEM supplemented with 1% FBS. After 1 h of infection at room temperature with continuous shaking, media were replaced by 20 ml of alpha MEM containing 10% FBS, and cells were incubated at 37°C for 17 h. RNAs were isolated from 2 ϫ 10 7 uninfected and infected cells by using TRIzol reagent as recommended by the manufacturer (Gibco-BRL). Samples contained very similar concentrations of total RNA. Poly(A) ϩ RNA was isolated from 100 g of total RNA using Dynalbeads oligo(dT) 25 by the procedure recommended by the manufacturer (Dynal). cDNA was synthesized using a T7(dT) 24 primer and the SuperScript Choice system (Gibco-BRL). Biotin-labeled cRNA was synthesized on one-third of the cDNA using the RNA transcript labeling kit (ENZO). cRNA was purified and fragmented according to the Affymetrix protocol. Equal aliquots of cRNAs were hybridized to the Murine Genome U74A array (MG-U74A) in the GeneChip Core Facility (Alvin J. Siteman Cancer Center, Washington University). The data were analyzed using GeneChip Suite software (Affymetrix).
Virulence assay. Two-day-old CD1 mice (Charles River) were inoculated intracranially with 10 3 PFU of wtSIN, SIN44, or SIN/G viruses. They were observed daily for mortality. At the indicated times p.i., mice were euthanized, brains were collected and homogenized in PBS, and homogenates were assayed on BHK-21 cells for plaque formation. These same brain homogenates were plated serially on L929 cells to assay IFN-␣/␤ production as described above, except that virus was inactivated by overnight incubation at pH 2.0. Brain homogenates were neutralized before plating on L929 cells.
RESULTS

Recombinant SIN viruses.
In a previous study, we created a collection of SIN replicons and viruses with mutations in nsP2 that exhibited differences in cytopathogenicity and ability to persist in tissue culture (1, 16) . Persistent replication was cell line dependent and correlated with lower levels of RNA replication (16) . To further probe the mechanism of cell-specific persistence and to determine if the reduced cytopathogenicity of the replicons was a result of a lower level of virus-specific RNA replication or alterations in nsP2 functions, we created a set of recombinant SIN viruses (Fig. 1) . All of the viral genomes encoded GFP, transcribed from an additional subgenomic promoter. GFP was used to monitor productive infection in tissue culture, particularly in the case of noncytopathic mutants with slow growth and low levels of CPE. A second subgenomic promoter drove the expression of viral structural genes. Since these experiments were performed in mouse cell lines and inbred mice, SIN envelope glycoprotein genes were derived from a mouse-adapted SIN variant, TE12 (40) . The nsPs and cis-acting RNA elements were derived from Toto1101 (46) . In all of the genomes, the first subgenomic promoter was driving the expression of GFP and the second one was driving the expression of SIN structural genes derived from the TE12 strain of SIN. The SIN/G variant was different from wtSIN by one amino acid in nsP2, P 726 3G. The SIN44 differed from wtSIN by clustered mutations in nsP1, which did not change the encoded protein sequence but destroyed the secondary structure of the replicational enhancer, the 51-nt CSE. Viral stocks generated by electroporation of in vitro-synthesized RNAs were titrated simultaneously on BHK-21 and NIH 3T3 cells. Plaques were allowed to develop for 48 h prior to fixation and staining. Stained, infected monolayers of both cell types correspond to the same dilutions of viruses. Downregulation of viral RNA replication was achieved in two ways: (i) by mutation of nsP2 residue 726 (SIN/G) or (ii) by eliminating the 51-base CSE in the nsP1 coding region with a cluster of silent changes. wtSIN virus contained no mutations in the nonstructural genes or the 5Ј and 3Ј cis-acting elements required for RNA replication. The SIN/G variant contained a single nsP2 substitution (P 726 3G) that downregulated replication and cytopathogenicity. Compared to mutant viruses with other substitutions at this position (P 726 3V, S, and T) (16) , SIN/G virus was the most stable, with minimal reversion or pseudoreversion to a cytopathic phenotype. This mutant caused partial CPE in BHK-21 cells, which was most likely dependent on the stage of cell cycle of each particular cell at the moment of infection, followed by persistent infection. The SIN44 variant expressed the wt nsPs but carried 44 silent mutations in the 51-base CSE near the 5Ј end of the viral genome (17) . These mutations significantly downregulated RNA replication.
All of the in vitro-synthesized RNAs were transfected into BHK-21 cells by electroporation, and viruses were harvested 24 h later. By that time, cells transfected by wtSIN and SIN44 RNAs had developed complete CPE; cells transfected with SIN/G had few morphological changes. Nevertheless, titers of all viral stocks were similar, approximately 10 9 PFU/ml.
Replication of SIN mutants in BHK-21 and NIH 3T3 cells.
First, we tested the ability of mutant viruses to form plaques on BHK-21 and NIH 3T3 cells. NIH 3T3 cells were previously shown not to support persistent replication of SIN replicons with mutated nsP2 (16) . Viruses with the wt nsP2 (wtSIN and SIN44) were cytopathic and formed plaques with equal efficiency in both BHK-21 and NIH 3T3 cells (Fig. 1) . The SIN/G virus was partially cytopathic for BHK-21 cells, as previously described for SIN with the same mutation (16), but was able to form plaques on this cell line. This can be explained by the reduced concentration of FBS in the agarose cover. In addition, the particular cell line that we used for the plaque assay, BHK-21 (BHK-J) cells, was previously found to develop better plaques in the case of not only SIN mutants but also other viral infections (I. Frolov, unpublished data). Plaque assays using NIH 3T3 cells led to formation of large foci of cells that transiently expressed GFP, but plaques did not develop (Fig. 1) .
Next, monolayers of NIH 3T3 cells were infected with each virus at an MOI of 20 PFU/cell. wtSIN and SIN44 developed complete CPE within 24 to 36 h p.i.. SIN/G arrested cell growth for approximately 2 days (crisis period), after which cells recovered and resumed normal growth. To test the level of RNA replication, SIN RNAs were labeled with [
3 H]uridine in the presence of dactinomycin. Both in the early stage of infection (1 to 4 h p.i.) and later during the high virus release (5 to 8 h p.i.), SIN/G RNA replicated 7-to 10-fold less efficiently than wtSIN and 1.5-to 2-fold less efficiently than SIN44 (Fig. 2) . SIN/G grew efficiently on NIH 3T3 cells, and virus was released with kinetics similar to those seen with SIN44 (Fig.  3A) . Interestingly, structural proteins of SIN/G were produced almost as efficiently as the structural proteins of wtSIN (Fig.  3B) , despite the lower levels of SIN-specific RNA synthesis (Fig. 2) and accumulation (data not shown). In contrast to wtSIN and SIN44, host cell protein synthesis was not shut off in cells infected with SIN/G (Fig. 3B and C) . Within 24 h, NIH 3T3 cells began to suppress replication of the SIN/G variant, and by 48 h, the translation of SIN/G structural proteins was barely detectable (Fig. 3B ). These differences in translational shutoff and CPE were not due to lower infectivity of SIN/G. Twelve hours p.i. with SIN/G, all cells were productively infected as monitored by GFP expression. For SIN variants with P 726 3S or P 726 3T mutations in nsP2, replication in NIH 3T3 cells also ceased 48 h p.i. (data not shown). These results show that NIH 3T3 cells infected with certain nsP2 mutants are able to develop an effective antiviral response that shuts down virus replication and precludes persistent infection.
Effects of SIN infection on gene expression in NIH 3T3 cells. To examine possible differences in host cell response to virus infection, we compared host gene expression profiles in uninfected NIH 3T3 cells with cells infected by wtSIN or SIN/G. RNAs were isolated at 17 h p.i. and used for microarray analysis on Affymetrix U74A chips (Fig. 4) . In uninfected NIH 3T3 cells, ϳ4,700 mRNAs were detected. In cells infected with wtSIN, only 1,900 mRNAs were detected, and most of these RNAs were present at levels 3-to 150-fold lower than those found in uninfected cells. No cellular RNAs were upregulated in wt SIN-infected cells compared to uninfected cells. In contrast, 170 cellular mRNAs were upregulated after SIN/G virus infection, and 113 of these mRNAs were undetectable in uninfected cells. For the remainder, levels increased from 3-to 200-fold. Many upregulated genes were previously described as lipopolysaccharide or IFN-␣/␤ activated, and 21 were cytokines or related to antigen presentation (9, 10). Eleven upregulated mRNAs were related to cell cycle, cell growth, or apoptosis. Others encode enzymes for cellular biosynthesis and cytoskeletal proteins. No function has been determined for 36 of the induced genes. These results show that wtSIN is capable of either suppressing or not inducing a cellular antiviral response in infected NIH 3T3 cells. The most-dramatic effect of wtSIN on host gene expression is the downregulation of many cellular mRNAs. SIN/G, on the other hand, induces and is incapable of suppressing transcription of IFN-␣/␤ and IFNinducible genes as well as other host genes. One or more of these host gene products presumably exerts an antiviral effect to downregulate SIN replication and allow cell survival.
Mutations in SIN nsP2 lead to an increase in IFN production. The results of the microarray analysis indicated that IFN-␣/␤ could be an important factor in inhibiting SIN/G replication and promoting its clearance from infected NIH 3T3 cells. To examine IFN-␣/␤ production directly, subconfluent NIH 3T3 cells were infected with wtSIN, SIN/G, or SIN44 at an MOI of 0.004 PFU/cell. We analyzed both virus growth and accumulation of IFN in the media (Fig. 5A) . wtSIN virus caused complete CPE within 48 h p.i., and IFN-␣/␤ was undetectable. SIN44 induced slower but complete CPE. A very low concentration of IFN was found in the media in the late stages of SIN44 infection. In contrast, SIN/G-infected cells released high levels of IFN, first detectable at 24 h; yielded almost 100-fold less virus than did wtSIN-or SIN44-infected cells; and did not induce significant CPE.
When NIH 3T3 cells were infected with virus at a high MOI (20 PFU/cell), the growth curves of SIN/G and SIN44 were indistinguishable (Fig. 5B) , indicating that both viruses had similar efficiencies of intracellular replication. However, the profiles of IFN release were different. Only the SIN/G virusinfected cells released IFN, and it was detected in the medium (Fig. 6) . SIN/G virus-infected cells secreted IFN until 72 h p.i., after which they resumed growth, but remained resistant to superinfection with wtSIN for at least 10 days (data not shown). These results strengthened the hypothesis that NIH 3T3 cells infected with SIN/G produce high levels of IFN-␣/␤ that not only prevent the next round(s) of infection but also inhibit virus replication in previously infected cells.
To test the sensitivities of viruses with wt or mutant nsP2 to IFN, we treated NIH 3T3 cells with serial dilutions of murine IFN-␣/␤ for 24 h and then infected them with wtSIN, SIN/G, and SIN44 variants at an MOI of 20. Twenty-four hours later, replication of all three viruses (detected by GFP expression) was found in the cells treated with IFN at concentration of 16 IU/ml or less. Virus titers decreased with increases in IFN concentration at very similar rates (Fig. 7) . These experiments indicate that wtSIN and the mutants, regardless of encoding wt or mutant nsP2, were equally sensitive to IFN-␣/␤. ϩ/ϩ mice (data not shown). This issue was also examined in NIH 3T3 cells using polyclonal antibodies that neutralize IFN-␣/␤. NIH 3T3 cells were infected with SIN/G in the absence or presence of anti-IFN-␣/␤ antibodies. Neutralizing antibodies in the media prevented the clearance of SIN/G that usually occurred after 48 h p.i. (Fig. 8B) . All of the cells remained infected and produced infectious virus, albeit less efficiently than during the first 24 h. These results show that IFN-␣/␤-induced gene expression is required for eliminating SIN/G replication but is not essential for cell survival or establishing persistent infection.
Induction of IFN-␣/␤ in vivo.
We also examined the effect of nsP2 and replication efficiency on pathogenicity and IFN production in vivo. Two-day-old CD1 mice were infected intracerebrally with 10 3 PFU of wtSIN, SIN44, or SIN/G. wtSIN caused 100% mortality within 4 days, but the virulence of SIN44 and SIN/G was significantly reduced (Fig. 9A) . For the variants expressing wt nsP2 (wtSIN and SIN44), the level of secreted IFN correlated with virus propagation (Fig. 9B and  C) . SIN44 titers in mouse brains were 50-fold lower than those for the wtSIN, and SIN44 induced a proportionally lower level of IFN-␣/␤. SIN/G replication in mouse brains was very similar to SIN44 replication, but SIN/G induced IFN-␣/␤ as efficiently as wtSIN. These data indicated that mutations in the nsP2 gene can lead to a higher level of IFN-␣/␤ production by infected neuronal cells in vivo in spite of a lower level of virus propagation. 
DISCUSSION
Alphaviruses have simple genomes encoding four mature nsPs and three major structural proteins. These proteins are required for replication of the viral genetic material and its release from the cells in the form of infectious viral particles. Viral proteins may interact with host machinery to minimize activation of antiviral responses in infected cells. Hence, the outcome of SIN infection reflects the ability of the virus to redirect cellular processes for virus propagation while avoiding cellular antiviral responses. In the present study, we have initiated work aimed at understanding the mechanisms that SIN employs for suppressing cellular antiviral responses and the nature of cellular responses that can interfere with SIN replication.
Earlier work demonstrated that mutations in SIN nsP2 could be selected that allowed persistent noncytopathic replication in mammalian cells, but only for a limited spectrum of cell types (1, 16) . Several possible explanations can be invoked for the mechanism of action of these mutations as well as their cell specificity. For example, CPE induction could be a quantitative effect (as it most certainly is), and the inability to cause CPE could result from lower levels of SIN nsPs or RNA production. Alternatively, mutations in nsP2 might block virus-host interactions critical for eliciting CPE. Restricted tropism of these adaptive changes might be due to cell-specific lethal defects in RNA replication or the activation cell defense mechanisms that arrest replication of the nsP2 mutants. To help distinguish between these possibilities, we created SIN variants that differed in the efficiency of genome RNA replication by incorporating mutations in nsP2 (SIN/G) or in the 51-nt CSE replication enhancer (SIN44).
The mutations in the nsP2, but not those in the 51-nt CSE, made SIN less cytopathic. The SIN/G mutant caused persistent infection with minor CPE in BHK-21 cells and noncytopathic infection in NIH 3T3 cells. These changes in cytopathogenicity appeared to result not from alterations in the level of nsP2, since mutant nsP2 accumulated to 80% of the wt level, and a significant fraction of this protein continued to be transported to the nucleus (data not shown). Furthermore, changes were not (or not only) associated with the lower levels of viral RNA replication, because SIN44 and SIN/G virus RNAs replicated with similar efficiency (Fig. 2) . That concentration of nsP2 and other nsPs was sufficient to keep SIN/G virus growth at a level comparable to the growth of SIN44 and wtSIN ( Fig. 3 and 5B) . However, we cannot exclude the possibility that a lower level of replication could be a significant contributor in downregulation of the CPE. In any case, the point mutation in nsP2 affected not only functioning of RdRp, but also reduced the CPE of SIN replication in mammalian cells.
The most intriguing finding of this study was discovery that experiments showed that wtSIN is clearly able to induce IFN production. Interestingly, all three viruses, wtSIN, SIN/G, and SIN44, were equally sensitive when cells were pretreated with IFN-␣/␤. This observation supports the hypothesis that shutoff of SIN/G replication was due in part to the inability of this mutant to downregulate IFN-␣/␤ release. Therefore, lack of IFN induction by wtSIN in vitro is likely due to the rapid shutoff of host cell protein and RNA synthesis and the death of infected cells. In both these experiments, blocking of IFN-␣/␤ signaling made mouse fibroblasts unable to stop virus replication and caused persistent infection. This is a strong indication that the ability of SIN/G-infected cells to activate and respond to IFN-␣/␤ signaling pathways played a key role in shutoff of SIN replication. It appears that SIN virus joins a growing number of infectious agents that have developed mechanisms to suppress IFN production. The best-known IFN-␣/␤ antagonists of viral origin are NS1 protein of influenza A virus (20, 62) , VP35 protein of Ebola virus (4), NSs protein of Rift Valley fever virus (5), hepatitis B virus open reading frame C product (65) , and the C proteins of Sendai virus (21) (22) (23) . It has also been shown that wt measles virus induces less IFN than an attenuated strain (42) . In the case of SIN infection, rapid shutoff of cellular mRNA and rRNA synthesis could be a simple and efficient way to downregulate the production of IFN and other cytokines, thereby preventing activation of the antiviral state in both uninfected and already-infected cells. At first glance, the decrease in IFN production observed for wtSIN-and SIN44-infected cells could be the result of translational shutoff. However, the link may be not so simple. For instance, in VSVinfected cells, the accumulation of M protein, but not the inhibition of translation, was responsible for transcriptional shutoff in VSV-infected cells (2, 66) .
There is no reason to expect that the expression of nsP2 during SIN infection in vivo leads to complete suppression of transcription in all infected cells and prevents IFN-␣/␤ release. Upon SIN infection, animals respond with high levels of IFN-␣/␤ (49, 55, 56) , and this fact implies that SIN replicates differently in distinct tissues. In many cell types, SIN may not cause complete transcriptional shutoff like it does in NIH 3T3 cells. In our study, SIN variants expressing wt nsP2 (wt SIN and SIN44) induced IFN-␣/␤ in proportion to the levels of virus replication in the brain and, probably, the number of infected cells. In contrast, the nsP2 mutant, SIN/G, induced IFN as efficiently as wtSIN, while replicating to a 50-fold lower titer, supporting the hypothesis that mutations in nsP2 affect the level of IFN-␣/␤ release in vivo.
It was previously shown for different alphaviruses that the level of IFN induction in vivo depends on the virus strain and does not necessarily correlate with virus virulence (29) . Previously studied natural isolates usually contained mutations in both nsPs and structural proteins, and the best-characterized mutants of Venezuelan equine encephalomyelitis virus strains TC-83 (32) and 230 (19) or SIN TRSBr114 (57) had mutations in structural proteins as well. Thus, it was difficult to distinguish if viral proteins could be directly involved in regulation of IFN production or if IFN level was determined by changes in virus tropism or in the rate of virus maturation and spread that led finally to different numbers of infected cells. Our experiments provided evidence that nsP2 is one of the proteins that determine the level of IFN-␣/␤ release. These data correlate with recently published results on the replication of Semliki Forest virus mutants in mouse brains (14) . These experiments indicated that mutations in a nuclear localization signal of nsP2 either make the virus more sensitive to interferon or lead to more-efficient induction of IFN-␣/␤.
In conclusion, we have shown that SIN nsP2 is a critical determinant of viral pathogenesis. It is not only an essential viral protease and an integral part of RdRp, but it also plays a significant role in the development of CPE and the suppression of the antiviral response in virus-infected cells. Mutations in nsP2 make SIN significantly less cytopathic and capable of persisting in cells with defects in IFN-␣/␤ signaling. nsP2 mutations also affect the ability of SIN to downregulate IFN-␣/␤ release and change the outcome of infection in mice. Not only does secreted IFN protect uninfected cells against SIN infection, but it can block replication of mutant virus in productively infected cells without leading to cell death. Vero and, possibly, BHK-21 cells have defects in IFN-␣/␤ production (3, 6, 8, 13, 15, 58) . This may explain why we were able to select adaptive SIN variants that could persist in these cells but failed in other cell types.
This information may be useful for improving alphavirusbased expression systems for vaccination. As professional antigen-presenting cells, dendritic cells are a primary target for immunization with SIN and Venezuelan equine encephalomyelitis virus vectors (24, 41, 49) . Infection of dendritic cells with viruses expressing wt nsP2 or proteins with other functions devoted to preventing IFN-␣/␤ induction and efficient antigen presentation may limit the effectiveness of alphavirus vectors. Indeed, a number of recent publications suggest that cytotoxic T lymphocyte responses to proteins expressed by alphavirus replicons were lower than might be expected based on the level of antigen expression (61) . Inclusion of nsP2 mutations such as those described here may help to enhance antigen presentation, immunogenicity, and protection.
